Solution Structure of a Bovine Immunodeficiency Virus Tat-TAR
Peptide-RNA Complex ed by circular dichroism spectroscopy (10) . A 1:l peptide-RNA complex was formed (Fig. l C ) , and the solution structure was determined by NMR with the use of 13C-labeledRNA (11-1 3) and 15N-labeled peptides to facilitate the analyses (14) .
Joseph D. Puglisi,* Lily Chen, Scott Blanchard, Alan D. Frankel structural statistics for the 20 final simulated structures are listed in Table 1 , and the The Tat protein of bovine immunodeficiencyvirus (BIV) binds to its target RNA, TAR, and superposition of structures is shown in Fig. activates transcription. A 14-amino acid arginine-rich peptidecorrespondingto the RNA-2A (15). Nucleotides 5 to 11, 13 to 16, and binding domain of BIV Tat binds specifically to BIV TAR, and biochemical and in vivo 21 to 30 and amino acids 70 to 79 are experiments have identified the amino acids and nucleotides required for binding. The particularly well defined in the ensemble of solution structure of the RNA-peptide complex has now been determined by nuclear structures [heavoy-atom root-mean-square magneticresonancespectroscopy. TAR forms a virtuallycontinuousA-form helix withtwo deviation, 1.49 A (Fig. 2) ]. unstacked bulged nucleotides. The peptide adopts a p-turn conformationand sits in the
The stem regions of BIV TAR in the major groove of the RNA. Specific contacts are apparent between critical amino acids in complex form a continuous A-form helix. the peptide and bases and phosphates in the RNA. The structure is consistent with all
The two bulge nucleotides (U10 and U12) biochemical data and demonstrates ways in which proteins can recognize the major are not intercalated in the helix. U12 is groove of RNA. disordered in the NMR structure, but is found on the minor groove side of the helices and does not interact with the peptide. U10 is well positioned by the NMR data in R~~-~r o t e i n interactions are important domain of BIV Tat binds to BIV TAR with the major groove and interacts with the pepin many cellular processes. Recent cocrystal high affinity and specificity, recognizing the tide. U12 can be deleted from BIV TAR structures of RNA-protein complexes (1) (2) (3) (4) (5) (6) bulge and upper stem regions (7) . In vitro with little effect on peptide binding, whereas have provided the first detailed views of and in vivo experiments show that base pairs deletion of UlO results in a 17-fold decrease RNA-protein recognition. In these com-G l 1 .C25, G14. C23, and C15 .G22 as in binding affinity (7) . NMR experiments plexes, many specific contacts are made to well as a bulged nucleotide at position 10 of with the U12 deletion mutant (16) demonbases, sugars, and phosphates located in or BIV TAR are essentialfor binding (Fig. lA) , strate that the peptide forms the same comadjacent to loop regions of RNA, within and that amino acids Arg70, Gly7', Thr72 plex as that formed with wild-type BIV which chemical information is readily acArg7j,Gly74,Gly76,Arg77,and 11e7\n BIG: TAR, consistent with the nonessential nacessible. Conformational flexibility of RNA Tat are critical (10) (Fig. 1B) . ture of U12. The unstacking of U10 is the can play an important role in recognition;
The conformations of the unbound 28-only conformational change in the RNA for example, nucleotides in transfer RNA nucleotide RNA oligomer and 14-amino that occurs on peptide binding. There is a anticodon loops and in the U1 hairpin beacid peptide were characterized qualitatively minor distortion in RNA helical structure at come splayed on binding ( 2 , 4 , 6) . Because by NMR. The free RNA adopts the secondthe junction of the G I 1 .C25 pair and the the major groove of RNA is narrow, recogary structure shown in Fig. 1A and suggested upper and lower helical stems, resulting in a nition of helical regions appears to be reby ribonuclease mapping (7). The two stem widening of the major groove rglative to an stricted to the ends of helices (2) or to the regions form A-form helices, and the A-form helix (15.5 versus 10.5 A ) (17). The minor groove, unless the helices are distort-G11 -C25 pair is formed. The bulged nucle-loop region of BIV TAR (C17 to U20) does ed. We now present the nuclear magnetic otide U10 is stacked between G9 .C26 and not participate in peptide binding and is resonance (NMR) structure of an RNA-G I 1 -C25, whereas U12 is flipped out in poorly defined in the ensemble of structures. peptide complex that shows how the major solution. The unbound peptide (Fig. 1B) is The peptide adopts a P-hairpin conforgroove of the BIV TAR site is recognized by unstructured in aqueous solution, as suggestmation in the complex. Residues Arg70 the BIV Tat protein.
BIV Tat is a transcriptional activator that 
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and Biochemistry, University of California. Santa Cruz, R, Arg: P, Pro; G. Gly; T. Thr: K, CA 95064. USA. at 25°C with a mixing time of 50 ms; ppm, parts per million.
through Ile79 are well defined by the NMR data (Table 1) and form a P ribbon-like conformation that fits in the major groove of the RNA. The P turn is defined by Gly74 to Arg77 and is type I' (18). Mutagenesis has highlighted the importance of Gly76 (lo), which assists in turn formation. The turn does not play a passive role in RNA recognition; it is buried deep in the major groove, with Gly74 in close contact with the RNA and Lys75 and Gly76 exposed to solvent. The structural data agree with mutagenesis data: Mutation of Lys75 to Ala has no effect on binding, whereas mutation of Gly74 or Gly76 to Ala markedly decreases binding affinity (10) . Larger side chains at position 74 would not allow deep penetration of the peptide in the major groove. Side chain and main chain atoms from both strands of the P hairpin make specific contacts with the RNA (Fig. 3 ) (19). One region of contact involves nucleotides in the upper helix of BIV TAR and three residues near the NH2-terminus of the peptide. The guanidinium group of Arg70 is within hydrogen-bonding distance of G14; this contact is well defined in the NMR structure and may involve bifurcated hydrogen bonds from Arg70 to 0 -6 and N-7 of G14. Corresponding mutagenesis and modification data show that (i) Arg70 cannot be changed to Lys without a substantial loss in affinity, (ii) mutation of the G14. C23 pair reduces binding affinity, and (iii) methylation of N-7 of G14 interferes with peptide binding (7, 10) . The main chain of Gly71 is within hydrogen-bonding distance of G22 (N-7). Mutation of Gly71 to Ala reduces binding affinity, the C15 -G22 pair can be changed to U15 .G22 but not to other pairs, and methylation of N-7 of G22 interferes with peptide binding (7, 10) . There is probably a steric requirement for glycine, as addition of a side chain would prevent the close contact necessary for main chain hydrogen bonding. Thr72 is in close contact with both G22 and C23. The methyl group of Thr72 appears to make hydrophobic contacts with the ribose ring of G22; the major groove face of the ribose ring is the most hydrophobic. Ethylation of the phosphate between G22 and C23 interferes with peptide binding, and Thr72 likely also contacts this phosphate because its hydroxyl group points toward it in the average NMR structure.
A second region of contact involves the bulge region of the RNA. The position of the Arg73 side chain is well defined by the NMR data, and the guanidinium group is within hydrogen-bonding distance of N-7 of GI1 and close to 0-6 of GI1 and the phosphate between U10 and G11. Corresponding mutagenesis and modification data show that (i) mutation of Arg73 to Lys decreases binding affinity, (ii) changes to GI1 .C25 markedly reduce binding, and (iii) ethylation of the phosphate between U10 and GI1 interferes with peptide binding (7, 10) . Arg77 is in close proximity to the RNA near the G9. C26 base pair below U10, but the position of the Arg77 side chain is not well defined by the NMR data. Mutagenesis has demonstrated the importance of Arg77 for peptide binding, whereas changing G9 -C26 has only a small effect (7, 10) . These data are consistent with hydrogen bonding or electrostatic contacts between Arg77 and a phosphate in the lower stem, perhaps between C8 and G9.
The side chain of makes van der Waals contacts with the aromatic ring of the bulge nucleotide U10, and this hydrophobic interaction apparently stabilizes U10 in the major groove of the RNA. Similar interactions with are observed in the U12 deletion mutant-peptide complex (16). may also help buttress the aliphatic portions of the surrounding Arg73 and Arg77 side chains. The hydrophobic nature of the interaction is emphasized by the mutagenesis data: U10 can be changed to other nucleotides but cannot be deleted without disrupting binding, and peptides in which is replaced with other hydrophobic amino acids retain significant activity, although isoleucine forms the highest affinity interaction (10) .
The structure of the BIV RNA-peptide complex explains the complete set of available in vivo and in vitro mutagenesis results. The three G . C base pairs and the U10 bulge that are required for specific peptide binding are directly contacted by peptide. Phosphates whose ethylation interferes with peptide binding are also likely in contact with amino acid side chains. The SCIENCE VOL. 270 17NOVEMBER 1995 important protein residues can be divided into two classes: those that make direct contact with the RNA (Arg70, Gly71, Thr72, Arg73, Arg77, and and those that play an important structural role (Gly74 and Gly76). Amino acids that can be changed in mutagenesis experiments with little effect on binding (Arg6', Pro69, Ly~75, Arg78, Arg80, and Argsl) do not make RNA contacts or contribute specifically to the peptide structure.
Recognition of the BIV TAR major groove involves a widening of the groove and deep penetration by the peptide. Nevertheless, the groove is still narrow compared to the major groove of DNA, and Gly7' and Gly74 are necessary to allow peptide binding deep within the groove, apparently resulting in a tight fit between the peptide and major groove. This type of shape-selective recognition resembles that associated with interactions of proteins and drugs in the DNA minor groove (10) . Widened RNA major grooves may generally be found near bulge or . Argininamide, an analog of arginine, binds to HIV TAR RNA in a helical region adjacent to a three-nucleotide bulge (21) , whereas an a-helical peptide from the HIV Rev protein binds to an RNA major groove containing two purine-purine base pairs (22) , which may induce greater widening of the groove than the single bulge nucleotide in BIV TAR (23) . The structure of the BIV Tat ~e~t i d e -
L L
TAR complex has features seen in both RNA-protein and DNA-protein complexes. The @-sheet motif is used by the U1A protein and aspartyl-transfer RNA synthetase to contact nucleotides in hairpin loops, with amino acids on the surface of the sheet recognizing flipped-out bases (1, 6) . In contrast, the BIV Tat p hairpin recognizes bases in the relatively unexposed major groove of BIV TAR. In DNA recognition, a p-ribbon motif is used by the MetJ and Arc repressors to bind to the major groove of the DNA helix (24, 25) , and a p-turn motif interacts with the DNA minor groove in a paired domain-DNA complex (26) . Hydrophobic contacts play important roles in nucleic acid recoenition. Isoleucine -and leucine have been shown to intercalate between bases in DNA-protein complexes (27, 28) , and stacking of aromatic residues on or between bases has been observed in both DNA-protein and RNA-protein complexes (6, 29, 30) . In the BIV Tat-TAR complex, the isoleucine interaction apparently stabilizes the position of U10 in the major groove.
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